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Cytosolic coat proteins that bind reversibly to membranes have a
central function in membrane transport within the secretory
pathway"?. One well-studied example is COPI or coatomer, a
heptameric protein complex that is recruited to membranes by
the GTP-binding protein Arfl. Assembly into an electron-dense
coat then helps in budding off membrane to be transported
between the endoplasmic reticulum (ER) and Golgi apparatus®
Here we propose and corroborate a simple model for coatomer
and Arfl activity based on results analysing the distribution and
lifetime of fluorescently labelled coatomer and Arfl on Golgi
membranes of living cells. We find that activated Arfl brings
coatomer to membranes. However, once associated with mem-
branes, Arfl and coatomer have different residence times: coat-
omer remains on membranes after Arfl-GTP has been
hydrolysed and dissociated. Rapid membrane binding and dis-
sociation of coatomer and Arfl occur stochastically, even without
vesicle budding. We propose that this continuous activity of
coatomer and Arfl generates kinetically stable membrane
domains that are connected to the formation of COPI-containing
transport intermediates. This role for Arfl/coatomer might
provide a model for investigating the behaviour of other coat
protein systems within cells.

To study coatomer dynamics in vivo, variants of green fluorescent
protein (GFP), namely enhanced GFP (EGFP) and enhanced yellow
fluorescent protein (EYFP), were fused to the carboxy terminus of
the eCOP subunit of coatomer (eCOP—GFP or eCOP-YFP) and
expressed in IdIF cells, which contain a mutated e COP that at 40 °C
is degraded, causing coatomer inactivity and growth inhibition’.
The cells grew indefinitely at 40 °C (Fig. 1a), indicating that e COP—
GFP could substitute functionally for endogenous eCOP in coat-
omer complexes in these cells. Subsequent experiments were per-
formed with stable IdIF cell lines expressing e COP—GFP (or e COP—
YFP) that were selected by continuous growth at 40°C unless
indicated otherwise. e COP—GFP in these cells localized in a manner
that was indistinguishable from that of endogenous coatomer
detected by antibody staining of BCOP (Fig. 1b). Biochemical
(Supplementary Information) and kinetic (see below) analyses
revealed that most eCOP-GFP molecules were stably assembled
into coatomer complexes that underwent binding and dissociation
from membranes.

The identity and behaviour of coatomer-containing membranes,
assessed by e COP-YFP labelling, were studied in dual-colour time-
lapse experiments in cells co-expressing cyan fluorescent protein
(CFP)-tagged secretory cargo markers. eCOP—YFP was present on
juxtanuclear Golgi membranes, as well as on ER-to-Golgi (ante-
rograde) transport intermediates containing vesicular stomatitis
virus ts045 G protein (VSVG) tagged with CFP in cells shifted from

+ Present address: Department of Anatomy and Cell Biology, McGill University, Montreal, Quebec,
Canada.
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40°Cto 15 °C (Fig. 1¢)*. On being warmed to 32 °C, the anterograde
intermediates moved as globular or tubular shapes towards the
Golgi complex, with eCOP-YFP remaining localized on their
surfaces (Fig. 1d, e). eCOP-YFP was only weakly associated with
presumptive retrograde, Golgi-to-ER, transport intermediates,
which appeared as Golgi tubule extensions when immunolabelled
with the ERGIC53 homologue p58 (not shown), an ER/Golgi
cycling molecule®, or when co-stained with p58—CFP (Fig. 1f). No
small fluorescent objects with the predicted size of vesicles (that is,
one pixel) were observed moving out from any of these structures
(Supplementary Information). These findings are consistent with
previous reports of coatomer distribution within living cells®’.

To measure how rapidly coatomer dissociates from Golgi mem-
branes, we performed fluorescence loss in photobleaching (FLIP)
experiments®. On repeated bleaching outside the Golgi, all cellular
e¢COP-GFP fluorescence was lost in a few minutes (Fig. 2a),
indicating that coatomer resides on Golgi membranes only transi-
ently before dissociating and exchanging with cytoplasmic pools. To
determine the rate at which coatomer rebinds to Golgi membranes,
we selectively photobleached the Golgi and then watched for

240 °C + COP-GFP

" _32°C + sCOP-GFP
. %%

Relative cell number

0 8 16 24 32 40

Time (h)

4

Figure 1 Incorporation of e COP—GFP into functional coatomer complexes and their
distribution. &, Growth rate (cell number relative to initial cell number with time) at 32 or
40°C in untreated /diF cells and /dIF cells expressing e COP—GFP by transient transfection.
b, Co-localization of eCOP—GFP (left) and BCOP stained with anti-38COP antibody
(generated from the EAGE peptide) single-letter amino-acid codes) in 8 COP) and
rhodamine secondary antibody (middle) in an /dlF cell stably expressing e COP—GFP.
Merged image (right) shows co-localization (yellow) of the markers in Golgi and peripheral
structures (see arrows). Scale bar, 5 pM. ¢, /ldlF cells stably expressing eCOP-YFP were
transfected with VSVG—CFP and incubated at 40 °C to accumulate VSVG-CFP in the ER.
The temperature was lowered to 15°C for 3 h to accumulate VSVG-CFP in ER-to-Golgi
transport intermediates. Extensive co-localization (yellow, merged image) of the two
markers was found in peripheral (arrowed) and juxtanuclear structures. Scale bar, 5 uM.
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fluorescence recovery after photobleaching (FRAP)®. The prebleach,
Golgi-to-cytoplasmic fluorescence ratio (that is, 40:60) recovered
exponentially with a half-time (#,,,) of 35 s (Fig. 2b, ¢) and was not
affected by microtubule disruption (which inhibits the movement
of anterograde transport intermediates) (not shown). This indi-
cated that recovery was mediated not by delivery via anterograde
intermediates but by exchange between Golgi-bound and freely
mobile cytoplasmic pools of coatomer. FRAP experiments examin-
ing eCOP-GFP dynamics on anterograde intermediates revealed
that e COP-GFP also rapidly exchanged on and off these structures
(Fig. 2d), whether or not they were moving, and at a rate similar to
that at the Golgi complex. In cells co-expressing the active GTP-
bound form of Arf1[Q71L] that is unable to hydrolyse GTP?, or in
cells treated with GTP-S (not shown), eCOP-GFP became irre-
versibly bound to membranes and no fluorescence recovery
occurred during FRAP (Fig. 2¢, e). These results indicate that
coatomer dissociation from membranes in vivo occurs rapidly
and is dependent on Arfl-GTP hydrolysis'.

To determine whether coatomer dissociation from membranes
coincides with Arfl-GTP hydrolysis, we examined by FRAP the

d, Inward movement of peripheral e COP—GFP-containing structures in /diF cells stably
expressing eCOP—GFP. Shown are the initial image of the time series (left), several
representative tracks taken by peripheral structures during the time series (middle), and a
maximum-value projection of the entire time series (acquired at two images s~ for 57 )
showing paths taken by translocating structures (right). Scale bar, 5 pM. (See Quicktime
movie in Supplementary Information.) e, Area near the Golgi complex (GC) from the time
series in d illustrating tubulation of a eCOP—GFP labelled structure as it translocates
towards the Golgi complex. Scale bar, 2 wM. f, Still frame from a time sequence in an NRK
cell expressing p58—CFP (top) and e COP-YFP (middle). The merged image (bottom)
shows only low levels of eCOP-YFP on p58—CFP-containing Golgi tubules (arrowed).
Scale bar, 5 pM.
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kinetics of Arfl membrane association and dissociation (which is
mediated by GTP binding and hydrolysis'’) by using a GFP-tagged
Arfl (ref. 11) (Arfl-GFP). Addition of the GFP tag did not alter any
of Arfl’s essential roles: Arfl-GFP functionally replaced the
endogenous copy of ARFI in a Aarf2 yeast strain, and when
expressed as a GTP-locked form (that is, Arfl[Q71L]-GFP) it
could protect endogenous COPI from membrane release in the
presence of brefeldin A (BFA) (Supplementary Information, Figs S1
and S2). During FRAP, exchange of bleached Arfl-GFP in the Golgi
with unbleached Arfl-GFP in the cytoplasm occurred rapidly (Fig.
3a), was not limited by cytoplasmic diffusion of Arfl1-GFP and was
dependent on GTP hydrolysis because exchange did not occur in
cells injected with GTP-yS (not shown). Recovery was faster than
that reported previously for Arfl-GFP'' because of differences in
FRAP conditions (Supplementary Information). Because the ¢y,
for recovery of Arfl-GFP (15s) was significantly faster than for
coatomer (35s) measured under similar conditions, the data
indicated that coatomer is stabilized on membranes for additional
periods after Arfl undergoes GTP hydrolysis and dissociation.

We visualized Arfl and coatomer dissociation from membranes
directly in cells co-expressing Arfl-CFP and eCOP-YFP treated
with BFA'. BFA blocks the binding of Arfl to membranes and the
recruitment of coatomer by Arfl (ref. 12), allowing the dissociation
of Arfl and coatomer to be observed in the absence of rebinding. On
treatment with BFA, Arfl-CFP and e COP-YFP rapidly dissociated
from Golgi membranes before Golgi disassembly (Fig. 3b). The half-
time for dissociation of Arf1-CFP (13 s) was significantly faster than
that for e COP-YFP (30 s). Similar half-times were measured in cells
expressing the chimaeras individually, and with Arfl tagged with
the small haemagglutinin epitope (HA-Arfl), a widely used Arfl
reporter'” (Supplementary Information, Fig. S3), supporting the
conclusion that Arfl and coatomer dissociate independently from
Golgi membranes.

We used FRAP or treatment with BFA to examine the effect of
coatomer on the rate of dissociation of Arf1-GFP from the Golgi'*"
in two situations: when coatomer is irreversibly membrane-bound
by treatment with AlF (ref. 16), an activator of trimeric G proteins'’;
and after the depletion of coatomer from cells. Treatment with a
range of AIF concentrations had no major effect on the FRAP
kinetics of Arfl-GFP (Fig. 3f, g) despite irreversible binding of
e¢COP-GFP to membranes (Fig. 3d, e) (see also Supplementary
Information, Fig. S4). Moreover, coatomer depletion (Fig. 4a) had
no effect on the FRAP recovery rate of Arfl-GFP (not shown) or on
the release rate of Arfl-GFP from the Golgi after treatment with
BFA (Fig. 4b). Thus, whether coatomer is stabilized on or depleted
from membranes has no detectable effect on the GAP-mediated,
GTP-hydrolysis-dependent membrane release of Arfl-GFP in vivo.

On the basis of the above results and previous data we formulated
a simple model of activity and turnover of Arfl and coatomer on
membrane (Fig. 4c). The model explicitly uncouples Arfl and
coatomer release from membranes and posits no feedback from
coatomer to Arfl. It encompasses the following six processes: (1)
binding of cytoplasmic Arfl to Golgi membranes and activation by
guanine nucleotide exchange'®'’, which is inhibited by BFA"; (2)
recruitment of cytoplasmic coatomer to Golgi membranes by
binding to activated Arfl (ref. 20); (3) interaction of activated
Arfl with alternative effector molecules in Golgi membranes®'; (4)
GTPase-activating protein (GAP)-mediated hydrolysis of GTP
bound to Arfl (ref. 22) in either coatomer'* or alternative effector
complexes®' with the concomitant release of Arfl-GDP to the
cytoplasm, while coatomer remains Golgi-associated; (5) binding
of coatomer to membrane cargo, soluble-cargo receptors or other
Golgi proteins***; and (6) uncoating or release of coatomer from
Golgi membranes to cytoplasm, which is inhibited by AIF (ref. 16).

To test this model quantitatively we formulated it on the basis of
standard principles of chemical kinetics, with each process contrib-
uting terms to a system of differential equations (Supplementary
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Figure 2 Kinetics of COPI binding to and dissociation from Golgi and ER-to-Golgi transport
intermediates in /dlF cells stabily expressing eCOP—GFP. a, Repeated photobleaching
(FLIP) (one bleach every 15s) of the cytoplasm (defined by the area between the two
yellow lines). b, Golgi-FRAP. An initial prebleach image was taken (prebleach), then the
Golgi region of interest (indicated by yellow outline) was bleached with high-intensity laser
light. After the bleach, images were taken at 5—10-s intervals to monitor exchange
between photobleached and non-bleached e COP—GFP. Scale bar, 5 uM. (See Quicktime
movies in Supplementary Information.) ¢, Quantification of Golgi FRAP protocol with and
without co-expression of Arf1[Q71L]. d, FRAP of ER-to-Golgi intermediates. To prevent
movement of the intermediates, cells were chilled on ice for 20 min and warmed to 37 °C
in the presence of 1 ug mi™" nocodazole to depolymerize microtubules. The area within
the yellow box in the cell periphery was illuminated with high-intensity laser light to
photobleach the fluorescent structures containing e COP—GFP. Arrowheads point to ER-to-
Golgi intermediates that recovered their fluorescence while remaining at the same
location. (See Quicktime movies in Supplementary Information.) e, FRAP of an area
containing the Golgi region of interest (indicated by yellow outline) in a cell microinjected
5 h previously with a plasmid coding for the GTP-bound Arf1[Q71L] mutant (ARFQ). Golgi-
associated fluorescence does not recover after photobleaching, indicating that exchange
between Golgi and cytoplasmic e COP—GFP is inhibited in these cells.
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Information). We then examined whether it could account for the
Arfl-GFP and eCOP-GFP photobleaching data (Figs 2c and 3a)
and the Arf1-CFP and e COP-YFP kinetics after treatment with BFA
(Fig. 3b, ¢) while accounting for the steady-state abundances of Arfl
and coatomer on membranes and in cytoplasm. The latter was
assessed by quantification of the fluorescent images with GFP
standard solutions and by western blot analysis (Supplementary

Information). Significantly, we found that the model could account
for all eight data sets by using the same set of parameter values (that
is, rate constants). This is illustrated in Fig. 4d, by plotting the model
solutions (smooth curves) on the same axes as the corresponding
experimental data (dotted curves). The relevant rate constants were
0.0127s ™" for binding of cytoplasmic Arfl to Golgi (process 1),
1.05 X 10® (molecules per cell) 's™" for binding of cytoplasmic

b
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Figure 3 Golgi association—dissociation kinetics of Arf1—GFP/CFP and e COP—GFP/YFP in
AlF-treated or BFA-treated cells. a, Quantification of Golgi FRAP in CHO cell expressing
Arf1-GFP. b, Kinetics of dissociation of e COP—YFP and Arf1—CFP from Golgi membranes
after the addition of BFA (5 pgmi™") in an /dIF cell co-expressing both proteins.

¢, Quantification of dissociation kinetics of e COP—YFP and Arf1—CFP from the experiment
inb. d, e, ldIF cells expressing e COP-GFP were selectively photobleached within the
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1.5 min

yellow outline after no treatment (d) or after treatment with AIF (50 wM AICI3, 0.1 mM NaF)
for 10 min (e). Recovery into the bleached area was monitored by imaging cells with low
illumination levels. f, g, CHO cells expressing only Arf1—GFP were selectively
photobleached inside the yellow line after no treatment (f) or after treatment with AlF for
10 min (g). Recovery into the bleached area was monitored by imaging cells with low
illumination levels. Scale bar, 5 pM.
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COPI to Golgi (process 2), 0.0384s "' for GTP hydrolysis by Golgi-
bound Arfl (process 4) and 0.0231s™" for loss of COPI from Golgi
(process 6). Thus, the average residence time for coatomer on Golgi
membranes is 43 s, in contrast with 26 s for Arfl. These residence
times were the same whether calculated from photobleaching or
from BFA-release experiments and are consistent with our current
understanding that BFA inhibits solely the Arfl exchange factor
(process 1)'*'%,

We considered a simpler model in which all Arfl used coatomer
as an effector (that is, process 3 was eliminated). This model failed
to account for the relative abundance of Arfl and COPI on
membrane and in cytoplasm. In another model we postulated the
simultaneous release of Arfl and coatomer to the cytoplasm, to
correspond to the widespread assumption that uncoating is a
consequence of Arfl-GTP hydrolysis>. This model could not
account for the slower coatomer dynamics observed during FRAP
or BFA protocols. Thus, the model shown in Fig. 4c, which
simultaneously accounts for all data sets (Fig. 4d), is our current
working hypothesis.

It is widely believed that coatomer binds to membranes and then
polymerizes into a coat. The coat then shapes the adherent mem-
brane into a coated bud that gives rise to a coated vesicle (Fig. 5a).
The vesicle then uncoats and all accumulated coatomer is released at
once'”. Because of the sequential steps occurring before vesicle
uncoating in this model, coatomer release should exhibit non-
exponential kinetics (for example, it should show a shoulder or lag)
(Supplementary Information). However, the observed release kin-
etics of coatomer from membranes (Fig. 4d) was exponential,
leading to a possible alternative role for coatomer (Fig. 5b) in
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which continuous Arfl-driven binding and dissociation of coat-
omer serves to generate kinetically stable membrane domains that
give rise to coatomer-containing transport intermediates. In this
model, unlike the sequential-binding model, coatomer exchange
would continue even when vesicle formation is blocked.

Vesicular transport is known to be inhibited at temperatures
below 15 °C and nonexistent at 4 °C (ref. 25). To evaluate the two
models, we used FRAP to measure the kinetics of eCOP-GFP
exchange between cytoplasmic and membrane pools at different
temperatures. Both e COP—GFP and Arf1-GFP were found to bind
and release continuously from Golgi membranes at all temperatures
down to 4°C, with no abrupt change in the kinetics of these
processes on reaching temperatures (that is, 15 °C) at which vesicle
budding is slowed or inhibited* (Fig. 5c—e). At all temperatures, the
release of eCOP-GFP from Golgi membranes was dependent on
Arfl1-GTP hydrolysis (not shown). The data thus indicate that the
cycling of coatomer on and off membranes can be uncoupled from
vesicle formation, and that feedback from productive vesicle bud-
ding is not necessary for coatomer dissociation.

On the basis of these findings, we favour the alternative model of
coatomer activity with continuous membrane binding and release.
Not only can it account for our observation that coatomer exhibits
temperature-insensitive exponential release kinetics but it is con-
sistent with other observations regarding the function and activity
of coatomer. In the continuous binding and release model, coat-
omer, after being recruited by Arfl, could associate selectively with
either protein or lipid species destined for transport***°, and coat-
omer—cargo complexes could cluster either because of direct inter-
coatomer interactions or because of those induced via the mem-
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Figure 4 Kinetic modelling of coatomer and Arf1 activity and the effects of coatomer
depletion on the rate of Arf1 dissociation from membranes. a, Conditions of coatomer
depletion were determined by incubating, for increasing durations at 40 °C, /diF cells that
were not transfected with any protein. The amount of Golgi-associated COPI (visualized by
antibody labelling with a rabbit anti-8COP and a rhodamine anti-rabbit secondary
antibody) was determined. Each time point is an average of Golgi-localized fluorescence
per cell from 15 fields from 3 different coverslips. b, /dlF cells were transfected with Arf1—
GFP and incubated at 32 °C (filled diamonds) or at 40 °C for 3 h (open circles) to deplete
COPI from Golgi membranes. BFA was then added to inhibit the binding of Arf1 to
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Time {s)

membranes, and the release rate of Arf1—GFP fluorescence from Golgi was measured
over time. ¢, Model of Arf1 and COPI membrane activity and turnover. d, Data sets from
quantitative FRAP experiments measuring e COP—GFP (red) and Arf1—GFP (blue) exchange
on Golgi (see Supplementary Information) and the loss of e COP—YFP (red) and Arf1—CFP
(blue) from Golgi after the addition of BFA were simultaneously fitted to a mathematical
formulation of the model shown in ¢. The smooth curves (red, COPI; blue, Arf1) represent
the model solution obtained with parameter values (see the text) for the six processes in
the model.
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Figure 5 Testing different models of coatomer function on membranes. a, b, Two models
for COPI function on Golgi membranes. In @, membrane binding and polymerization of
COPI drives vesicle formation, with COPI dissociation from membranes occurring only
after vesicle formation; in b, COPI binding and polymerization result in the formation of
organized membrane domains that require continued binding and release of COPI to be
maintained. ¢, FRAP of /dIF cell stably expressing eCOP—GFP on a microscope stage
maintained at 37 °C or at 4 °C. Recovery of Golgi fluorescence in the bleached area (yellow
box) occurred at both temperatures, indicating that membrane binding and release of

branes. Continuing membrane binding and release of coatomer
would allow the membrane at these sites to recruit cargo, alter their
phospholipid composition and become larger, phase-separated
domains (Fig. 5b). Accompanying these processes would be changes
in membrane curvature and budding, which ultimately would
transform the domains into either small coated vesicles* or larger
transport intermediates*”’. Throughout the process of membrane
transformation, coatomer would continually be recruited to mem-
branes and then released into the cytosol. Because clusters of
coatomer complexes in the differentiated membrane domains
would be maintained by the Arfl-coatomer binding and release
cycle, the domains could last longer than the 43 s residence time of
an individual coatomer complex on membranes. Detachment of a
transport intermediate from the coatomer-coated domain would
therefore occur on a completely different timescale from that of the
release of individual coatomer complexes, which correlates with
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COPI occurs even when vesicle budding and fusion are inhibited. Scale bar, 5 pM. (See
Quicktime movies in Supplementary Information.) d, e, Arrhenius plots showing the effect
of temperature on Golgi FRAP of e COP—GFP in /dlF cells stably expressing e COP—GFP (d)
or in CHO cells transiently expressing Arf1—GFP (e). Numbers against points indicate
temperatures in °C. The kinetics of recovery was fitted to a single-exponential curve and
the mean rate coefficient was determined. Six to eight cells at each temperature were
measured. The natural logarithm of the rate constant was then plotted against the
reciprocal of the temperature in kelvins. Error bars indicate s.e.m.

topology changes underlying transport (that is, tubulation, fission
and vesiculation) rather than uncoating.

Our observation that the activity of coatomer is not directly
coupled to the formation of coated vesicles is consistent with recent
FRAP data on the behaviour of clathrin, which has revealed large-
scale exchange of clathrin even when clathrin-mediated endocytosis
is inhibited®. Thus, coat proteins in general might undergo con-
tinuous exchange on and off membranes. As with coatomer, further
investigation will help to determine whether this process is necess-
ary to generate and maintain transport competent membrane
domains, which could also function in membrane sorting and
signalling. I

Methods

Cloning and expression of complementary DNAs
Arf1[Q71L], eCOP-GFP, e COP-YFP, p58—CFP and VSVG-CFP plasmids were described
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previously'>”*. Arfl-CFP and Arfl1-YFP were derived by the exchange of GFP for its
spectral variant from Arfl-GFP''. DNAs were transiently transfected into cells by using
FuGene 6 Transfection Reagent (Roche Molecular Biochemicals). Cell lines stably
expressing eCOP-GFP and YFP were created by transient transfection followed by
selection with G418, or in stably expressing IdIF cells selection was solely by ability to grow
at 40 °C. Except where indicated, all experiments were performed in stable IdIF cell lines
expressing eCOP-GFP/YFP at 40 °C, in IdIF cells transiently transfected with Arfl-GFP/
CFP, and in wild-type Chinese hamster ovary (CHO) cells.

Fluorescence microscope systems, imaging and photobleaching analysis

Cells on coverslips or in LabTek chambers (Nalge Nunc) were imaged in buffered medium
with a Zeiss 510 confocal microscope with a stage heated to 37 °C and fitted with an
additional krypton laser with a 413-nm line for CFP/YFP double labelling or on a similarly
configured Zeiss 410 confocal system. The time-lapse sequence shown in Fig. 1d and Fig. le
was taken with a high-frame-rate spinning-disc confocal system, the Ultraview (lent by
EG&G Wallac). Quantitative Golgi FRAP of eCOP—GFP was performed as described in
Supplementary Information.
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Microtubule hasis for left-handed
helical growth in Arabidopsis

Siripong Thitamadee, Kazuko Tuchihara & Takashi Hashimoto

Graduate School of Biological Sciences, Nara Institute of Science and Technology,
Takayama 8916-5, Ikoma 630-0101, Japan

Left-right asymmetry in plants can be found in helices of stalks,
stems and tendrils, and in fan-like petal arrangements. The
handedness in these asymmetric structures is often fixed in
given species, indicating that genetic factors control asymmetric
development'. Here we show that dominant negative mutations
at the tubulin intradimer interface of a-tubulins 4 and 6 cause
left-handed helical growth and clockwise twisting in elongating
organs of Arabidopsis thaliana. We demonstrate that the mutant
tubulins incorporate into microtubule polymers, producing
right-handed obliquely oriented cortical arrays, in the root
epidermal cells. The cortical microtubules in the mutants had
increased sensitivity to microtubule-specific drugs. These results
suggest that reduced microtubule stability can produce left-
handed helical growth in plants.

Most twining plants, as they grow upward around sticks, trees, or
other plants, coil in right-handed helices. Others coil the opposite
way, and some exceptional species have genetically determined left-
and right-handed varieties'. In contrast, the handedness of corolla
contortion is either random in a species or fixed in a species or larger
taxon. The fixed pattern mostly occurs in (but is not restricted to)
the asterids, in which both clockwise and anticlockwise petal
arrangements are seen in taxonomically loosely related groups®.
Widespread distribution of helical structures with fixed handedness
in diverse taxa implies that relatively small numbers of genes are
responsible for the generation of such asymmetry.

Wild-type Arabidopsis thaliana axial organs do not twist during
normal elongation growth and flowers are radially symmetrical
(Fig. 1a, f, k). This symmetry can be broken, however, by mutations,
including the right-handed helical growth mutants, spirall (sprl)
and spr2 (ref. 3). In a search for suppressor mutants of the right-
hand twisting mutant sprl, we identified two independent mutant
loci, leftyl and lefty2. When outcrossed to remove the sprI muta-
tion, both mutants display prominent left-handed helical growth
phenotypes. The twisting phenotypes are somewhat stronger in
lefty2 than in lefty1. Petioles and petals of lefty mutants twist to give
an appearance of clockwise bending when rosette leaves and flowers
are viewed from above (Fig. 1g, h, I, m). The epidermal cell files of
lefty hypocotyls and roots (Fig. 1q, 1, t, u) form left-handed (S-form)
helices, in contrast to straight wild-type cell files (Fig. 1p, s). The
epidermal cell files of lefty roots begin to skew at the region where

193




